Introduction {#S0001}
============

Periodontitis is a chronic inflammatory disease associated with the loss of protective and supportive tissue called the periodontium. During this condition, inflammatory mediators such as interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) are produced.[@CIT0001],[@CIT0002] Periodontitis is characterized by plaque accumulation, calculus formation, gingival redness and swelling, gingival bleeding, and loss of associated tissues.[@CIT0003] World Health Organization (WHO) stated that between 35% and 50% of the world population are affected by periodontitis.[@CIT0004] Age, smoking, sex, tooth level, and genetics, etc. can affect the formation and progression of periodontitis.[@CIT0005] Bacterial colonization and their interaction with host immune responses are responsible for inflammation in the gingiva and periodontium. *Porphyromonas gingivalis, Treponema denticola*, and *Tannerella forsythia* are some of the anaerobic bacteria known to promote periodontitis conditions.[@CIT0004] Along with this, *Prevotella nigrescens, Eikenella corrodens, Fusobacterium nucleatum, Streptococcus mutans*, and *Campylobacter rectus* play a role in the progression of periodontitis.[@CIT0006] Some of the diseases such as diabetes, atherosclerotic cardiovascular disease, cancer, rheumatoid arthritis, respiratory disease, chronic kidney disease, metabolic syndrome, obesity, and cognitive impairment are linked to periodontitis.[@CIT0007] Usually, the use of antibiotics, surgery, the practice of oral hygiene, subgingival scaling, root planning, etc. are used for periodontitis treatments but most of them are associated with side effects and pain.[@CIT0008]

Soybean (*Glycine max*) is an economically important crop used for the production of various foods such as soy sauce, soymilk, tofu, soybean oil, and soy flour, etc.[@CIT0009] Soybean curd residue (SCR) is the main waste material obtained after the processing of soybean products. It consists of approximately 50--60% carbohydrates, 15--30% proteins, 5--20% fat, and 3% ash.[@CIT0010] It was noted that SCR is rich in cellulose and approximately 50% of the dry weight of soybean-containing cellulose.[@CIT0009] Nowadays, SCR is usually used as a feed for animals or abandoned directly to the soil. It is highly susceptible to putrefaction and produces carbon dioxide (CO~2~) during burning.[@CIT0009] The reduction of this kind of agricultural waste through the production of biopolymers is considered as a feasible idea for waste reduction and environmental protection.[@CIT0011]

Cellulose (C~6~H~10~O~5~)~n~ is the main constituent of the plants and also present in some bacteria, fungi, animals, and algae. It is the most abundant natural polymer in the earth and composed of several hundred to many thousands of β (1→4) linked D-glucose units. Anselme Payen, a French chemist discovered and isolated cellulose from green plants in 1938.[@CIT0012] It is insoluble in water and present in almost all parts of the plant such as stem, leaves, and stalks. Nowadays, different nanostructures are widely synthesized for biomedical applications based on their biocompatibility, stability, and the ability for controlled drug release. The nano form of cellulose (nanocellulose) has certain properties such as the high surface area to volume ratio, flexibility, high mechanical strength, thermostability, and good biodegradability which allow them to act as the suitable material for pharmaceutical applications. Along with this, it overcomes certain disadvantages of the cellulose such the poor thermal stability, absorption of the moisture, and non-compatibility.[@CIT0013] Nanocellulose-based materials have a wide application in biomedical fields such as the production of scaffolds, drug delivery, blood vessel replacement, and tissue regeneration, etc.[@CIT0014] CNF, cellulose nanocrystals (CNC), and bacterial cellulose (BC) are the major types of nanocellulose that existed. CNCs are rod-shaped particles (3--5 nm wide, 50--500 nm in length) and highly crystalline in nature.[@CIT0015] CNF has a length in micrometer and width in the nanometer range and they have the ability to form a network structure.[@CIT0014] CNF can be prepared by chemical (acid digestion, oxidation), physical (using ultrasonication, homogenization, and cryo-crushing), and biological methods (treated with cellulolytic enzymes).[@CIT0013],[@CIT0016] The extraction of nanocellulose from different plant sources such as rice husk fibers, sisal fibers, coconut husk fibers, pineapple leaf, and sugarcane bagasse, etc. has been reported.[@CIT0011],[@CIT0017]--[@CIT0019] Currently, nanocellulose-based materials are used for biomedical applications including wound healing, bone regeneration, cartilage regeneration, dental applications, and cancer disease treatment, etc.[@CIT0020] CNF-based films, composites, and gels largely come under clinical applications because of their easy production, low cost, and biocompatibility.[@CIT0021]

It has been reported that the surface modification of CNF reduces its agglomeration, enhance reinforcement, limit moisture absorbance, and increase the biocompatibility.[@CIT0022],[@CIT0023] The presence of a large number of hydroxyl (-OH) groups on nanocellulose facilitates surface modification by polymer grafting, esterification, carboxylation, cationization, and silylation.[@CIT0020] Carrageenan is an anionic polymer extracted from certain marine red algae and it is composed of alternating units of D-galactose and 3,6-anhydrogalactose joined by α-1,3 and β-1,4 glycosidic linkage.[@CIT0024] Carrageenan is mainly categorized into iota (two sulfate groups per disaccharide repeating unit), lambda (three sulfate groups per disaccharide repeating unit), and kappa (one sulfate groups per disaccharide repeating unit) carrageenan.[@CIT0024] ĸ-Carrageenan is one form of carrageenan contains a 3, 6-anhydro-α-D-galactopyranose in place of α-D-galactopyranose.[@CIT0025] It has high biocompatibility, hydrophilicity, and biodegradability.[@CIT0026] It is dissolved only in hot water and breakdown in acidic conditions. The gelation property of the carrageenan is primarily due to the presence of anhydrobridges and the chemical reactivity is due to their half-ester sulfate groups which are strongly anionic in nature.[@CIT0024] Both kappa and iota carrageenan form a gel in the presence of potassium or calcium ions. κ-carrageenan-based drug delivery systems are used in tissue engineering, drug delivery, and wound dressing applications.[@CIT0027]

Surfactin is an amphiphilic, cyclic, lipopeptide type biosurfactant produced by various strains of *Bacillus subtilis*. It has a common peptide loop of seven amino acids (l-asparagine, l-leucine, glutamic acid, l-leucine, l-valine, and two d-leucines) with a long hydrophobic fatty acid chain. Surfactin is well known for its anti-inflammatory, antiviral, antifungal, anti-mycoplasma, and antibacterial properties.[@CIT0028] The lipid chain length and charge of hydrophilic head group are the important factors that determining the antimicrobial activity of surfactin. It is also noted that the activity of surfactin is varied according to the type of bacteria.[@CIT0029] The previous study reported the growth inhibition of *Klebsiella pneumoniae, Salmonella typhimurium* NCTC 74, *Staphylococcus aureus* ATCC 6538, and *Escherichia coli* NCTC 10418 by surfactin.[@CIT0030]

Drug delivery is a method of administrating pharmaceutical compounds into the human/animal body with enhanced efficacy and controlled release. There are a lot of nanomaterials used for treating dental diseases such as carbon nanotubes, graphene, silica, iron oxide, etc.[@CIT0031] Carbon nanotubes are mainly used for tooth filling. But it induces inflammatory and fibrotic reactions by crossing membrane barriers. Graphene and silica also have toxicity.[@CIT0031] The present study is focused on the extraction of CNF from SCR and its modification with CO for developing a drug delivery system by incorporating surfactin into it. The results from this study provided the primary information about the characterization and biocompatibility of both CNF and ĸ-carrageenan oligosaccharides linked cellulose nanofibers (CO-CNF) and evaluated the potential antimicrobial activity of CO-CNF after the addition of surfactin against periodontal pathogens. We hypothesized that the extraction of CNF from SCR could be an effective method to reduce the agricultural waste and the degradation temperature, crystallinity, swelling property, and biocompatibility of the CNF were improved after the addition of CO. The proposed material has control over surfactin release. Furthermore, surfactin-loaded CO-CNF exhibited a desirable antimicrobial activity against periodontal pathogens. Surfactin-loaded CO-CNF has great potential in drug delivery, because of its hydrophilic nature, biocompatibility, controlled release, antimicrobial activity. It was assumed that this material can be used as an oral formulation in the future. But, further studies such as in vitro anti-inflammatory studies and in vivo studies are required to evaluate the potential of this material.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

*Streptococcus mutans* (ATCC 25175) and *Porphyromonas gingivalis* (CCUG 25211), RAW 264.7 macrophage cell line were purchased from Bioresource Collection and Research Center (BCRC), Hsinchu, Taiwan. Soybean curd residue was obtained from Kuang Chuan Dairy Co., Ltd, Taipei, Taiwan. ĸ-Carrageenan oligosaccharides were purchased from Dah Chung Trading Co., Ltd, Taipei, Taiwan. Sulfuric acid was purchased from Panreac Química S.L.U., Barcelona, Spain. Sodium hypochlorite was purchased from Honeywell Fluka™, New Jersey, USA. Sodium hydroxide, potassium bromide, uranyl acetate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, dimethyl sulfoxide, tryptic soy broth, surfactin, N, N′-Methylenebisacrylamide, 2,2-diphenyl-1-picrylhydrazyl, Trolox, crystal violet, acridine orange, trichloroacetic acid, and thiobarbituric acid were purchased from Sigma-Aldrich, Louis, Missouri, USA. Hydrochloric acid was purchased from Panreac AppliChem, Darmstadt, Germany. Potassium chloride and 1-butanol were purchased from J. T. Baker, Phillipsburg, Texas, USA. Doxycycline was purchased from Swiss Pharmaceuticals Co., Ltd., Tainan, Taiwan. Tween 80 was obtained from Hayashi Pure Chemical Industries Ltd., Japan. Methanol was purchased from Honeywell Burdick & Jackson, Muskegon, Michigan, USA.

Methods {#S0002-S2002}
-------

### Extraction and Modification of Cellulose Nanofibers (CNF) {#S0002-S2002-S3001}

#### Analysis of the Composition of Soybean Curd Residue (SCR) {#S0002-S2002-S3001-S4001}

Samples of soybean curd residue were analyzed for moisture, ash, hemicellulose, cellulose, and lignin content. The ash and moisture contents were evaluated by following the standard methods published by the Association of Official Analytical Chemists (AOAC).[@CIT0032] The moisture content was estimated by measuring the weight loss after the sample placed at 105°C for 2 h. The ash content was determined by keeping the sample in an oven at 600°C for 2 h. The hemicellulose, cellulose, and lignin content were measured according to Maryana et al.[@CIT0033] Briefly, 2 g (a) of the sample was refluxed with 150 mL of distilled water in a water bath (Buchi 461, Flawil, Switzerland) at 100°C for 1 h. Later, the obtained solution was filtered, washed, dried, and weighed (b). Later, the residue was added to 150 mL of 1 N sulfuric acid (H~2~SO~4~) and kept in a water bath at 100°C for 1 h. The resultant was filtered, washed, and dried (c). After, the dried residue was soaked in 10 mL of 72% H~2~SO~4~ for 4 h and later refluxed with 150 mL of 1 N H~2~SO~4~ for 1 h. Later, the solution was neutralized by adding cold water. The residue was collected, washed, and dried (d). Finally, the obtained residue was kept in an oven at 600°C and weighed (e). All experiments were performed triplicates. Moisture, ash, hemicellulose, cellulose, and lignin content were calculated according to the following equations: $$\documentclass[12pt]{minimal}
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$$Ash \left(\rm \% \right) = \left({{B \over A}} \right) \times 100$$
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$$Cellulose \left(\rm \% \right) = \left({{{c - d} \over a}} \right) \times 100$$
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W1: Weight of the sample before drying (g); W2: Weight of the sample after drying (g); A: Weight of the sample before heating (g); B: Weight of the sample after heating (g).

#### Extraction of Cellulose Nanofibers from Soybean Curd Residue {#S0002-S2002-S3001-S4002}

The extraction of CNF from SCR was performed according to previously reported methods.[@CIT0034]--[@CIT0036] 20 g of dried soybean residue was stirred with 250 mL of 5% of sodium hydroxide (NaOH) for 2 h at 120°C. The process was repeated once again and washed with distilled water. Later, the obtained residue was treated with 250 mL of 1 M hydrochloric acid (HCl) at 80°C for 2 h. After washing, the above solution was bleached with 250 mL of 5% sodium hypochlorite (NaClO) solution at 50°C. The bleaching was continued until getting a white-colored solution. The solution was then washed with distilled water and hydrolyzed with 250 mL of 64% H~2~SO~4~ under strong agitation conditions (45°C for 2 h). The reaction was terminated by adding an excess amount of cold water. After centrifugation (8000 × g, 10 min) (Kubota 5100, Osaka, Japan), the obtained solution was dialyzed against distilled water for 5 days. The dialyzed solution was then homogenized (Polytron Kinematica Homogenizer PT 3000, Luzern Switzerland) at 11,000 rpm for 2 h and freeze-dried (Freeze drying system FD4.5, KINGMECH, Taipei, Taiwan). The extraction yield was calculated from the following equation: $$\documentclass[12pt]{minimal}
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$$Extraction \ yield \left(\rm\% \right) = \left({{{Weight \ of \ freeze - dried \ CNF} \over {Weight \ of \ dry \ SCR}}} \right) \times 100$$
\end{document}$$

#### Modification of CNF with ĸ-Carrageenan Oligosaccharides (CO) {#S0002-S2002-S3001-S4003}

The modification was done according to Espino-Perez et al, with some alterations.[@CIT0022] One gram of CO was dissolved in 100 mL distilled water and added to 100 mL of CNF (30 mg/mL). The obtained solution was stirred at 80°C for 30 min. Later, 50 mL of 1 M potassium chloride (KCl) solution was added drop-wisely to the above solution under strong agitation conditions (800 rpm, 80°C). The agitation was continued for 3 h. After complete gelation, the solids were collected by centrifugation (8000 × g, 10 min) and sonicated (HOYU Ultrasonic 250, Taiwan). The obtained samples were washed with distilled water and freeze-dried to get CO-CNF.

#### Dynamic Light Scattering (DLS) Analysis {#S0002-S2002-S3001-S4004}

The particle size, zeta potential, and polydispersity index (PDI) of the samples were measured using zeta sizer (Malvern Panalytical, Malvern, UK). The aqueous suspensions \[1:100 (v/v)\] of the samples were prepared by dispersing the samples in deionized water and ultrasonicated for 30 min (HOYU Ultrasonic 250, Taiwan).

#### Scanning Electron Microscopy (SEM) {#S0002-S2002-S3001-S4005}

The morphology of the samples was analyzed by SEM. Samples were placed in a metal stud using double-sided tape and coated with a fine layer of gold using a sputter gold coater (Model-E1010 Ion sputter). Sample micrographs were observed at different magnifications at an accelerating voltage of 15 kV (S-4800 Scanning Electron Microscope, HITACHI, Tokyo, Japan).

#### Transmission Electron Microscopy (TEM) {#S0002-S2002-S3001-S4006}

For TEM analysis, 30 μL of sample solutions were added to the copper grid and allowed to stand for 5 min. Later, excessive water was removed and negatively stained with 2% (w/v) of uranyl acetate. The grid was dried at 40°C overnight. The grid was analyzed in a TEM (HT7700 Transmission Electron Microscope, HITACHI, Tokyo, Japan) operated with an accelerated voltage of 75Kv.

#### Fourier-Transform Infrared (FTIR) Spectroscopy {#S0002-S2002-S3001-S4007}

The FTIR experiments were conducted using an FTIR spectrometer (BRUKER, TENSOR II, Massachusetts, USA) by potassium bromide (KBr) disc method. The samples were dried, ground and pelletized using KBr (1:100, w/w). The film was then introduced in the spectrometer. Each spectrum was analyzed in the range of wavenumber from 400 to 4000 cm^−1^ with a resolution of 4 cm^−1^ and a total of 64 scans were performed.

#### Thermogravimetric Analysis (TGA) {#S0002-S2002-S3001-S4008}

The thermal degradation behavior of samples (5 mg) was evaluated using a TGA instrument (NETZSCH TG 209F3, Germany). The thermal stability of samples was conducted at 40−600°C with a constant heating rate of 20°C/min under nitrogen atmosphere.

#### X-Ray Diffraction (XRD) Analysis {#S0002-S2002-S3001-S4009}

The powder X-ray diffraction patterns were measured at ambient temperature using Cu Kα radiation (λ = 0.15418 nm) over the 2θ range of 5° and 40° with a scanning speed of 1.2°/min. The instrument (Bruker, D2 Phaser instrument, Taiwan) was operated at 45 kV and 40 mA with a step size of 0.02°C. The crystallinity index (CI) of the samples was calculated by the following equation: $$\documentclass[12pt]{minimal}
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\begin{document}
$$Crystallinity \ index \left(\rm \% \right) = {{I_{002} - I_{am}} \over {I_{002}}} \times 100$$
\end{document}$$

I~002~ is the intensity value for the crystalline cellulose and I~am~ is the intensity value for the amorphous cellulose.

#### Determination of Water Holding Capacity (WHC) {#S0002-S2002-S3001-S4010}

A 0.3 g of samples were dissolved in 25 mL of distilled water in a centrifuge tube. The solution was shaken for 10 min and centrifuged at 3000 rpm for 30 min. After removing the water, the precipitate with the centrifuge tube has weighed.[@CIT0037] The experiment was performed in triplicates. The WHC was calculated by the following equation: $$\documentclass[12pt]{minimal}
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\begin{document}
$$\eqalign{& WHC\left( {g\ water/g\ sample} \right) \cr & = {{\left[ {\left( \matrix{ Weight\,of\, \hfill \cr centrifuge\,tube \hfill \cr + Precipitate \hfill \cr} \right) - \left( \matrix{ Weight\,of\,the \hfill \cr \,centrifuge\,tube \hfill \cr - Sample\ weight \hfill \cr} \right)} \right]} \over {Weight\,of\,sample}} \cr} $$
\end{document}$$

#### Determination of Swelling Ratio (SR) {#S0002-S2002-S3001-S4011}

The dried samples were immersed in distilled water for 0 to 12 h at room temperature to reach the equilibrium status. Then, the water was removed from the surface and immediately taken to measure the weight. All experiment was performed in triplicate.[@CIT0038] The Swelling ratio was calculated by the following equation:
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$${\rm Swelling\;Ratio\;\left( {SR} \right)\;\left(\rm \% \right)\;} = {{{W_{total}} - {W_{dry}}} \over {{W_{dry}}\;}} \times 100$$
\end{document}$$

W~dry~ = Weight of hydrogel in dry condition

W~total~ = Weight of swelled hydrogel

#### Cell Viability {#S0002-S2002-S3001-S4012}

The biocompatibility of samples was tested in RAW 264.7 macrophage cells. Cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with fetal bovine serum (FBS) and maintained at 37°C in a humidified incubator containing 5% CO~2~ (Napco 5410, Taipei, Taiwan). The cell viability of the samples was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reagent. One hundred microliters of cells (1 × 10^4^ cells/well) were cultured in 96-well plate for 24 h in a 5% CO~2~ (37°C) incubator. Later, the medium was aspirated from each well and the cells were treated with different concentrations of samples (diluted in medium). After 24 h of incubation, 100 µL of MTT (1 mg/mL) was added and incubated for 4 h. The MTT was removed and solubilized the formazan crystals by adding 200 µL of dimethyl sulfoxide (DMSO). After 15 min, the absorbance was measured at 570 nm (ELISA Reader, Thermo Fisher 1510, Germany). The percentage of cell viability was calculated by the following equation:
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$$\eqalign{& Cell\ viability\left( \rm \% \right) \cr & = {{Absorbance\ of\ the\ sample - Absorbance\ of\ the\ blank} \over {Absorbance\ of\ the\ control - Absorbance\ of\ the\ blank}} \times 100 \cr} $$
\end{document}$$

### Preparation of Surfactin-Loaded CO-CNF Particles {#S0002-S2002-S3002}

#### Encapsulation of Surfactin into CO-CNF {#S0002-S2002-S3002-S4001}

The encapsulation was performed according to Ghaderi-Ghahfarokhi et al,[@CIT0039] with some modifications. Fifty milliliters of CO-CNF (3.2 mg/mL) was prepared by dissolving it in distilled water by sonication. Two hundred μL of tween 80 was added as a surfactant and stirred the solution at 60°C for 1 h to obtain a homogeneous mixture. Stock solutions of surfactin were prepared by dissolving each quantity of surfactin (50,100, and 200 mg) into 2 mL of methanol. Later, the oil phase (CO-CNF) was added to the aqueous phase (surfactin solution) drop by drop under the vigorous stirring condition for 20 min. Afterwards, 8 mL of N, N′-methylenebisacrylamide (MBAA) (1.87 mg/mL) was added as a stabilizer and continued the agitation for 2 h. Nanoparticles \[50 SNPs (50 mg surfactin-loaded CO-CNF nanoparticles), 100 SNPs (100 mg surfactin-loaded CO-CNF nanoparticles), and 200 SNPs (200 mg surfactin-loaded CO-CNF nanoparticles)\] were obtained after sonication (HOYU Ultrasonic 250, Taiwan) for 1 h. The particles were collected and freeze-dried. DLS, SEM, FTIR, and cell viability were performed according to the above-said methods.

#### Entrapment Efficiency (EE), Loading Capacity (LC), and in vitro Drug Release {#S0002-S2002-S3002-S4002}

The EE and LC of the nanoparticle were determined by using the centrifugation method. One milliliter of nanoparticle (15 mg/mL) suspension was centrifuged at 3500 rpm for 10 min. The free drugs were taken and performed high-pressure liquid chromatography (HPLC) (JASCO, Eaton, Maryland, USA) to evaluate EE and LC.[@CIT0040] For in vitro drug release, 1 mL of nanoparticle (15 mg/mL) was enclosed in a dialysis bag (12 kDa) and kept in 30 mL phosphate buffer solution (PBS) (pH 6.5) at 37°C for different time intervals (0, 1, 2, 4, 6, 8, 12, and 24 h) under mild agitation condition (100 rpm). At each time interval, 1 mL of medium was withdrawn and replace it with 1 mL of fresh PBS. Each experiment was performed in triplicate and the samples were analyzed by HPLC. The UV detection wavelength for HPLC analysis was set at 210 nm andC18 column Phenomenex (250 mm × 4.6 mm, 5 µm) was used for the analysis. The mobile phase A was consisting of trifluoracetic acid and water (0.05:99.95) (v/v). Mobile phase B was consisting of a mixture of acetonitrile, water, and trifluoracetic acid (80:19.95:0.05) (v/v). The column temperature was kept at 30°C and the flow rate was 1.2 mL/min.[@CIT0040],[@CIT0041] $$\documentclass[12pt]{minimal}
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$$EE \left(\rm \% \right) = {{Total \ Surfactin - Free \ Surfactin} \over {Total \ Surfactin}} \times 100$$
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\begin{document}
$$LC \left(\rm \% \right) = {{Total \ Surfactin - Free \ Surfactin} \over {Total \ Weight \ of \ Nanoparticles}} \times 100$$
\end{document}$$

#### 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Assay {#S0002-S2002-S3002-S4003}

The radical scavenging activity of samples was conducted according to a previously reported method.[@CIT0042] A 0.004 g of DPPH was dissolved in 100 mL of methanol. One hundred microliters of this solution was mixed with 100 µL of each sample in a 96-well plate. The sample concentration was 10 mg/mL doxycycline, 10 mg/mL surfactin, 20 mg/mL CO-CNF, 20 mg/mL 50 SNPs, 20 mg/mL 100 SNPs, and 20 mg/mL 200 SNPs. Trolox (0.5 mg/mL) was taken as the standard and methanol was used as the blank. After 30 min of incubation in the dark, the absorbance was measured at 517 nm. The DPPH radical scavenging activity of samples was evaluated by the following equation: $$\documentclass[12pt]{minimal}
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$$DPPH \ Radical \ Scavenging \ Activity \left(\rm \% \right) = {{A_{control} - A_{sample}} \over {A_{control}}} \times 100$$
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where A~control~ is the mixture of methanol and DPPH solution; A~sample~ is the mixture of tested sample and DPPH solution.

#### Bacteria Culture {#S0002-S2002-S3002-S4004}

*S. mutans* (ATCC 25175) and *P. gingivalis* (CCUG 25211) were purchased from Bioresource Collection and Research Center (BCRC), Hsinchu, Taiwan. The obtained bacteria were transferred separately to a 5 mL tryptic soy broth (TSB) and incubated overnight at 37°C for 3 days.

#### Well Plate (Ditch Plate) Method {#S0002-S2002-S3002-S4005}

Ten microliters of vortexed bacterial suspension (1 × 10^7^ CFU/mL) were swabbed on tryptic soy agar (TSA) plate. Poured 100 µL of each sample solution on to a well-prepared agar plate. Water and doxycycline were taken as negative and positive control, respectively. The sample concentration was 10 mg/mL doxycycline, 10 mg/mL surfactin, 20 mg/mL CO-CNF, 20 mg/mL 50 SNPs, 20 mg/mL 100 SNPs, and 20 mg/mL 200 SNPs. The plates were incubated at 37°C for 24 h in the CO~2~ incubator. The experiment was performed in triplicates and the zone of inhibition was measured.[@CIT0043]

#### Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) {#S0002-S2002-S3002-S4006}

The MIC and MBC were determined according to a previously reported method.[@CIT0044] Eighty microliters of samples (serially diluted with sterile TSB) were added to a 96-well plate. Afterwards, it was inoculated separately with 120 μL of bacterial culture (1 × 10^5^ CFUs/mL). Plates were incubated at 37°C overnight, and the MIC was determined as the highest dilution showing no bacterial growth. The MBC was determined by plating 100 μL of culture broth from wells onto the TSA plate and incubated at 37°C overnight. The highest dilution that resulted in a 99.9% reduction in the bacterial cell number was recorded as the MBC. The negative control was sterile deionized water, and doxycycline was used as a positive control. MIC and MBC were expressed in the percentage of the sample.

#### Visualization and Quantification of Biofilm by Crystal Violet Assay {#S0002-S2002-S3002-S4007}

The antibiofilm activity of each sample was evaluated according to a previously reported method.[@CIT0045] Eighty microliters of each sample was added to a 96-well plate containing 120 µL of bacterial species (1 × 10^7^ CFU/mL). Incubated for 16 h at 37°C. Doxycycline was taken as a positive control. After incubation, the wells were washed three times with 200 μL sterile distilled water. The wells were air-dried and 0.1% (v/v) crystal violet solution (200 µL/mL) in water was added. The plate was kept for 1 h. Later, the wells were washed with sterile distilled water to remove excess stain. Solubilized the adherent dye with 200 μL of 95% (v/v) ethanol. The experiment was performed in triplicates. The absorbance of each well was measured at 595 nm using a microtiter ELISA reader (ELISA Reader, Thermo Fisher 1510, Germany). The percentage inhibition of biofilm activity was calculated using the following equation: $$\documentclass[12pt]{minimal}
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#### Evaluation of the Metabolic Activity {#S0002-S2002-S3002-S4008}

The metabolic activity of bacteria after treated with drugs was determined by MTT assay. Eighty microliters of each sample was added to a 96-well plate containing 120 µL of bacterial species (1 × 10^7^ CFU/mL) and incubated for 24 h at 37°C. The further procedures were the same as section cell viability determination.

#### Malondialdehyde (MDA) Assay {#S0002-S2002-S3002-S4009}

Eighty microliters of each sample was added to a 96-well plate containing 120 µL of bacterial species (1 × 10^7^ CFU/mL) and incubated for 24 h at 37°C. Afterwards, the above-said samples were mixed with 200 µL of MDA reagent (a mixture of 47 mL water, 1 mL HCl, 7.2 g trichloroacetic acid, and 0.18 g thiobarbituric acid) and placed in a water bath (Water Bath, BUCHI 461, Zürich, Switzerland) at 100°C for 15 min. After cooling, 300 µL of 1-butanol was added, shaken vigorously, and centrifuged at 1500 × g for 10 min. 1,1,3,3-Tetramethoxypropane was taken as the standard. The supernatant was collected and the absorbance was measured at 532 nm.[@CIT0046] The MDA level was calculated according to the following equation: $$\documentclass[12pt]{minimal}
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#### Acridine Orange (AO) Assay {#S0002-S2002-S3002-S4010}

Four hundred-microliter bacterial cells (1 × 10^7^ CFU/mL) were treated with 100 µL of samples in 1 mL Eppendorf tube and incubated at 37°C for 24 h. The cells were collected by centrifugation (3000 rpm, 3 min) stained with a solution of acridine orange (1 mg/mL). Kept the solution in dark for 10 min. The cells were observed under a microscope.[@CIT0047]

#### Statistical Analysis {#S0002-S2002-S3002-S4011}

All experiments were performed in triplicate (three independent experiments). The data are presented as mean ± SD. (standard deviation) and analyzed by one-way ANOVA followed by Tukey multiple comparison tests using Origin Pro 2018 SR1 b9.5.1.195 (OriginLab Corporation, Northampton, MA 01060 USA) software.

Results {#S0003}
=======

Extraction and Modification of Cellulose Nanofibers (CNF) {#S0003-S2001}
---------------------------------------------------------

### Composition of Soybean Curd Residue (SCR) {#S0003-S2001-S3001}

SCR is a by-product obtained after the processing of soybean products and it was known that China generates about 2.8 million tonnes SCR annually.[@CIT0048] Literature showed that the chemical composition of SCR is depending on the type of soybean, production method, and its water phase.[@CIT0049] The lyophilized SCR contains a large number of carbon-based compounds (46.34%).[@CIT0009] The previous study reported that the unfermented SCR (USCR) contained a high level of carbohydrates (43.53 ± 1.16) in addition to protein (24.93 ± 2.07), fat (12.77 ± 1.35), and ash (3.98 ± 0.72).[@CIT0050] The composition analysis of SCR is listed in [Table 1](#T0001){ref-type="table"}. The results indicated that the dried SCR contained 34% of cellulose, 16% hemicellulose, and 0.8% lignin. The low percentage of moisture (2.58%) and ash (4%) content were also observed. The high percentage of cellulose content in SCR makes it suitable for the extraction of nanocellulose. Table 1Composition Analysis of Soybean Curd Residue (Dry Matter)ComponentContent (%)Moisture2.58 ± 0.05Ash4.90 ± 0.97Hemicellulose16.59 ± 1.08Cellulose34.30 ± 0.54Lignin0.84 ± 0.03[^1]

### Extraction of Cellulose Nanofibers {#S0003-S2001-S3002}

The extraction of CNF from SCR was done by a chemo-mechanical method illustrated in [Figure 1A](#F0001){ref-type="fig"}. The purpose of the chemical treatment is to remove the non-cellulosic parts. Treatment with NaOH removed the lignin and hemicellulose, while acid treatment separates the individual fibers. After this, the bleaching process (with NaClO) was carried out to remove the remaining lignin by oxidative fragmentation.[@CIT0017] Finally, the obtained residue was treated with H~2~SO~4~ to reduce the particle size, increases crystallinity, improves tensile strength, and flexibility of the materials.[@CIT0051] Uniform-sizeds fibrils were obtained by subjecting them into the homogenization process. The extraction yield of nanocellulose from SCR was about 6%. Figure 1(**A**) schematic diagram showing the extraction of CNF from SCR and (**B**) diagrammatic illustration of the formation of ĸ-carrageenan oligosaccharides linked cellulose nanofibers (CO-CNF).**Abbreviations:** CNF, cellulose nanofibers; SCR, soybean curd residue; CO, ĸ-carrageenan oligosaccharides.

### Modification of Cellulose Nanofibers (CNF) with ĸ-Carrageenan Oligosaccharides (CO) {#S0003-S2001-S3003}

CNF are hydrophilic polar polymers highly susceptible to surface modification because of the presence of hydroxyl groups.[@CIT0052] The grafting of CO into CNF was done by using potassium chloride (KCl) as a cross-linker and is explained in [Figure 1B](#F0001){ref-type="fig"}. The -OH and -OSO~3~ groups on CO make it more available for grafting. ĸ-Carrageenan forms a gel in the presence of K^+^ ions and it allows two carrageenan segments to form a double-helix structure in a three-dimensional network.[@CIT0053] The formation of CO-CNF was via the bonding between --OH groups of CO and CNF (glycosidic linkage) and also by the involvement of --OSO~3~ groups. The appearance of the CNF and CO-CNF was shown in [[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=238476.docx)]{.ul} (supplementary data). CNF was observed as a white colored solution and was noted that the CO-CNF solution ([[Figure S1b](http://www.dovepress.com/get_supplementary_file.php?f=238476.docx)]{.ul}) was more transparent than CNF solution ([[Figure S1a](http://www.dovepress.com/get_supplementary_file.php?f=238476.docx)]{.ul}) and dried forms of them were observed with a little faded white color. It was also noted that CO-CNF was softer than the CNF (dried form). The grafting of CO into CNF improved softness, dispersion, and porosity of the material and reduced agglomeration of CNF.

### Dynamic Light Scattering (DLS) Analysis {#S0003-S2001-S3004}

During DLS, the molecules are continuously moving in a solution because of the Doppler broadening. The detection of scattering intensity gives the average size of the particle.[@CIT0054] The particle size, zeta potential, and polydispersity index (PDI) of CNF and CO-CNF were analyzed by the DLS method and the results are described in [Table 2](#T0002){ref-type="table"}. The obtained average size of CNF and CO-CNF was 263.60 ± 12.27 nm and 330.66 ± 16.44 nm, respectively. The increase in the size of CO-CNF was due to the presence of more hydrophilic groups (hydroxyl and sulfate groups) and has an affinity towards the water molecule under the DLS measurement condition. Zeta potential is defined as the surface charge of the particle when it is dispersed in a liquid.[@CIT0055] It is influenced by pH, ionic strength, and concentration of the sample.[@CIT0056] The zeta potential of the CNF was about −46.13 ± 1.25 mV and CO-CNF was about −42.10 ± 0.70 mV. The internalization of these negatively charged particles via neutralization of the charge of the membrane through electrostatic interaction and subsequent endocytosis.[@CIT0057] Further, the homogeneity of the particle was analyzed by measuring the PDI. It can range from 0 (monodisperse) to 1 (polydisperse).[@CIT0055] The PDI of both CNF and CO-CNF was about 0.4. So, the DLS analysis showed that the particles were in nanometer size, moderately monodisperse, and negatively charged. Table 2Dynamic Light Scattering Analysis of Nanoparticles CNF and CO-CNFSample NameParticle Size (nm)Zeta Potential (mV)PDICNF263.60 ± 12.27−46.13 ± 1.250.43 ± 0.16CO-CNF330.66 ± 16.44−42.10 ± 0.700.45 ± 0.01[^2]

### Transmission Electron Microscopy (TEM) Analysis {#S0003-S2001-S3005}

Transmission electron microscopy is an advanced technique that uses a beam of electrons to transmit across a thin section of the specimen.[@CIT0058] The morphology of both CNF and CO-CNF was evaluated by TEM analysis ([Figure 2A](#F0002){ref-type="fig"}). It was observed that the CNF has a long length with short diameter. The average diameter (D) of the CNF was 37.89 ± 3.07 nm and length (L) was about 504.97 ± 82.19 nm. The aspect ratio (L/D) of CNF was about 15.62 ± 1.90. It was observed that CO-CNF formed as a network structure and CO appeared in the form of a spherical particle linked to each other by CNF. The average diameter of the CO beads was 316 ± 0.16 nm. Figure 2(**A**) Transmission electron micrographs of CNF and CO-CNF and (**B**) scanning electron micrographs (SEM) of CNF, CO-CNF, CNF aerogel, and CO-CNF aerogel.**Abbreviations:** CNF, cellulose nanofibers; CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers.

### Scanning Electron Microscope (SEM) Analysis {#S0003-S2001-S3006}

SEM is a sophisticated characterization technique that allows a beam of electrons to scan over the surface of the specimen. SEM of samples is given in [Figure 2B](#F0002){ref-type="fig"}. It was observed that the CNF was a long fiber with a short diameter and the surface was appeared as smooth. The morphology of CO-CNF was like a chain, in which the CO beads were attached to the CNF fibers and thereby forming a branched structure. The SEM images of aerogels of CNF and CO-CNF are also given in [Figure 2B](#F0002){ref-type="fig"}. The CNF aerogels appeared as a porous structure while CO-CNF aerogels look like several beads connected by each other forming a network structure.

### X-Ray Diffraction (XRD) Analysis {#S0003-S2001-S3007}

X-ray diffraction is a technique used to analyze the crystalline and amorphous nature of the material. It provides quantitative accurate information on the atomic arrangements on different interfaces.[@CIT0059] Higher crystallinity indicated better reinforcement with the polymer matrix. The crystalline nature of CNF and CO-CNF was studied by XRD analysis ([Figure 3A](#F0003){ref-type="fig"}). Two characteristics peaks at 22° and 16° found in the CNF diffractogram were likely to be associated with the crystalline structure of cellulose I. The crystalline nature of the CNF indicating the removal of amorphous polymers such as lignin and hemicellulose.[@CIT0011] The crystallinity of the CNF was increased with the addition of CO. The crystalline index of CNF and CO-CNF was about 70% and 85%, respectively. This increase in crystallinity was due to the formation of inter and intramolecular H-bonding by the hydroxyl groups.[@CIT0017] So, it was understood that the addition of CO into CNF reduced the amorphous region and thereby the crystallinity increased. Figure 3(**A**) X-ray diffraction (XRD) analysis and (**B**) thermogravimetric analysis (TGA) of CNF and CO-CNF. (**C**) Fourier-transform infrared spectra (FTIR) of (a) SCR and (b) CNF, (c) CO, and (d) CO-CNF.**Abbreviations:** SCR, soybean curd residue; CNF, cellulose nanofibers; CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers.

### Thermogravimetry Analysis (TGA) {#S0003-S2001-S3008}

The temperature behavior of both CNF and CO-CNF was evaluated by thermogravimetric analysis. The thermogravimetric curves of samples are shown in [Figure 3B](#F0003){ref-type="fig"}. The initial weight loss of both samples was started between 80°C and 100°C due to the evaporation of moisture content from the samples. The degradation was started from 222°C in CNF and the weight was loosened gradually. This degradation was due to the breakdown of glycosidic linkages in cellulose.[@CIT0060] This peak was gradually dropped down and ends at 342°C, the point at which the complete degradation happened. But in the case of CO-CNF, the initial degradation was started at 230°C and gradually loosen the weight until at 417°C. As shown in [Figure 3B](#F0003){ref-type="fig"}, grafting of CO into CNF improved the degradation temperature of the CNF.

### Fourier-Transform Infrared Spectroscopy (FTIR) Analysis {#S0003-S2001-S3009}

The FTIR spectra of SCR, CNF, CO, and CO-CNF are shown in [Figure 3C](#F0003){ref-type="fig"}. SCR was a complex mixture composed of different components such as proteins, fats, fibers, and carbohydrates, etc. The broad peak at 3369 cm^−1^ and a sharp peak at 2925 cm^−1^ in SCR indicated the -OH and C-H stretching vibrations, respectively.[@CIT0061] The peak at 1539 cm^−1^, 1246 cm^−1^ (aromatic ring vibration of lignin), 1161 cm^−1^ (asymmetric stretching of C-O-C hemicellulose and lignin) represented the presence of hemicellulose and lignin whereas the peak at 1748 cm^−1^ indicated the absorption bands.[@CIT0061]--[@CIT0064] Like SCR, the characteristic peak of --OH (broad peak at 3350 cm^−1^) and C-H (2910 cm^−1^) was also observed in CNF. The peak at 1640 cm^−1^ and 1426 cm^−1^ indicated the absorption and crystalline band of cellulose.[@CIT0017] C-H glycosidic deformation was noted in 899 cm^−1^ and the peak at 1061 cm^−1^ represented the C-O valance vibration. It was also noted that the characteristic peak representing lignin and hemicellulose was absent in CNF were indicating their removal. -OH, and C-H stretching vibration was observed in both CO and CO-CNF. In CO, the sulfate stretching was observed at 1377 cm^−1^ and glycosidic formation was found at 1126 cm^−1^.[@CIT0065] The peak at 1265 cm^−1^ (O=S=O asymmetric stretch) and 845 cm^−1^ (-O-SO~3~ stretching vibration) were indicating the presence of sulfate groups.[@CIT0065],[@CIT0066] The peak at 1643 cm^−1^ and 1374 cm^−1^ in CO-CNF represented absorption band and sulfate stretching, respectively. A glycosidic bond formation (1125 cm^−1^) in CO-CNF showed that the CO and CNF were linked by a glycosidic bond. The asymmetric stretch of O=S=O (1266 cm^−1^) and -O-SO~3~ (848 cm^−1^) from CO was also seen in CO-CNF. The FTIR analysis revealed the removal of lignin and hemicellulose. In addition, the glycosidic deformation in CO-CNF suggested that the CO and CNF were linked through glycosidic bonds.

### Determination of Water Holding Capacity (WHC) of CNF and CO-CNF {#S0003-S2001-S3010}

The water-holding capacity of a sample depends upon its porosity, chemical, and physical structure.[@CIT0037] The WHC of CNF and CO-CNF was analyzed by the centrifugation method as shown in [Figure 4A](#F0004){ref-type="fig"}. It was noted that the CO-CNF possessed more water-holding capacity at room temperature (23°C) and body temperature (37°C). At 23°C, the WHC of CNF was about 13 g/g and it was only increased up to 15 g/g at 37°C. There was no significant difference between the WHC of CNF between 23°C and 37°C. But in the case of CO-CNF, the WHC was significantly increased with increase in temperature. The obtained WHC for CO-CNF was 22 and 25 g/g, respectively, for 23°C and 37°C. The WHC of CO-CNF was significantly higher than the CNF in both temperatures. It was noted that an increase in the WHC was due to the sensitivity or the expansion of CO to the temperature. Literature showed that gel--sol transition temperature of CO is observed at around 30--60°C, but it may vary according to the molecular mass, concentration, and other factors.[@CIT0067] Figure 4(**A**) Water-holding capacity (WHC) of CNF and CO-CNF. Data are expressed as mean ± SD. (n=3). Differences were considered significant at p \< 0.05 analyzed by Tukey's test and denoted by an asterisk (\*). (**B**) The swelling ratio of CNF and CO-CNF. Data are expressed as mean ± SD. The differences were considered significant at (p \< 0.05) analyzed by Tukey's test and denoted by letters (a--e).**Abbreviations:** CNF, cellulose nanofibers; CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers.

### Determination of Swelling Ratio (SR) {#S0003-S2001-S3011}

The diffusion of water molecules into the pores of aerogel facilitates the swelling behavior of the material.[@CIT0068] Same as WHC, the swelling index also depends upon the porosity and hydrophilicity of the material. The swelling ratio of both CNF and CO-CNF is demonstrated in [Figure 4B](#F0004){ref-type="fig"}. It was observed that both CNF and CO-CNF have absorbed a large amount of water initially (0 h) and the swelling ability was increased slightly with increased time. Initially, the CO-CNF absorbed more water than the CNF, but from 6 h, it was reversed. The reduction in the swelling ability of CO-CNF was due to the collapse of the system and polymers were started broken slightly to form small systems. The CNF aerogel was maintained their swelling ability until 10 h but started to collapse between 10 and 12 h.

### Cell Viability of CNF and CO-CNF {#S0003-S2001-S3012}

The cell viability of both CNF and CO-CNF was evaluated by MTT assay in Raw 264.7 macrophage cells to get rough information about the toxic nature of the samples. It is based on the reduction of MTT (yellow color) into formazan (purple) crystals depending on the NAD(P)H-dependent cellular oxidoreductase enzymes. The high rate of MTT reduction is observed in healthy cells while dead cells are failed to do.[@CIT0069] The cell viability of both CNF and CO-CNF is given in [Figure 5](#F0005){ref-type="fig"}. A dramatic decrease in cell viability with increased concentration was observed in both samples. It was understood that a very low concentration of CNF and CO-CNF supported cell proliferation and does not cause any toxicity to the cells. Up to 100 µg/mL, the cell viability of both CNF and CO-CNF was higher than the control group. At a concentration of 200 µg/mL, the cell viability was rapidly decreased in the CO-CNF group. As compared to CNF, CO-CNF possesses a high percentage of cell viability up to 100 µg/mL. Later, the viability of cells was highly reduced in CO-CNF. But, the higher concentration (800 µg/mL) of both samples possessed more than 80% cell viability. Figure 5Cell viability of CNF and CO-CNF. Data are expressed as mean ± SD. The asterisk (\*) indicated the significant differences of the groups from the highest cell viability percentage (6.25 µg/mL of CO-CNF) at p \< 0.05 analyzed by Tukey's test.**Abbreviations:** CNF, cellulose nanofibers; CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers.

Surfactin-Loaded CO-CNF {#S0003-S2002}
-----------------------

### Dynamic Light Scattering (DLS) of Particles {#S0003-S2002-S3001}

As mentioned earlier, DLS is a technique that uses the principle of scattering of light from the particle to provide a description of the size distribution of the particle. The particle size, zeta potential, and PDI of the particle are given in [Table 3](#T0003){ref-type="table"}. In this study, CO-CNF was acting as a carrier and it was loaded with surfactin. It was noted that the average size of 50 SNPs, 100 SNPs, and 200 SNPs was 242.60 ± 16.44 nm, 203.60 ± 9.76 nm, and 232.90 ± 2.58 nm, respectively. The drug-loaded particles were prepared by the emulsion method (W/O). Literature indicated that the size range of the nanoemulsions varies from 10 to 1000 nm. The size of the emulsion can be reduced by using ultrasonication, but there is always a tendency to aggregate each other.[@CIT0070] Zeta potential is a parameter indicating the surface charge of the material.[@CIT0071] The zeta potential of CO-CNF was 42.10 ± 0.70 and the charge was changed after the addition of surfactin. The drug-loaded nanoparticles were more stable than the carrier (CO-CNF). The PDI is an indicator to check the uniformity of the particle. A higher value of PDI will denote the less uniformity.[@CIT0070] As shown in [Table 3](#T0003){ref-type="table"}, the PDI value was improved to 0.2 after the addition of surfactin, indicating more uniformity than the carrier (PDI was 0.4). Table 3Dynamic Light Scattering (DLS) Analysis of Surfactin-Loaded CO-CNFSample NameParticle Size (nm)Zeta Potential (mV)PDICO-CNF330.66 ± 16.44−42.10 ± 0.700.45 ± 0.0150 SNPs242.60 ± 9.76−30.80 ± 0.650.23 ± 0.02100 SNPs203.83 ± 8.43−37.46 ± 0.150.25 ± 0.02200 SNPs232.90 ± 2.58−37.27 ± 0.430.24 ± 0.01[^3]

### Entrapment Efficiency (EE), Loading Capacity (LC), and in vitro Drug Release {#S0003-S2002-S3002}

The ability of nanomedicine is determined by some parameters such as EE, LC, and in vitro drug release. The mass ratio of drugs to nanomedicines is called drug loading while the utilization of drugs during the nanomedicine-preparation process is determined by drug-loading efficiency.[@CIT0072] Sustained or controlled release of the drug can be determined by evaluating the in vitro drug release. The obtained EE and LC of the surfactin-loaded CO-CNF was 53.15 ± 2.36% and 36.72 ± 1.24%, respectively ([Figure 6](#F0006){ref-type="fig"}). The dialysis method was performed to evaluate the in vitro drug release of surfactin from CO-CNF. A rapid release of surfactin was observed at 1 h, may be due to the release of physically entrapped drug. After that CO-CNF controlled the drug release and about 68% of the drug was released at 24 h. Figure 6In vitro drug release profile of surfactin from CO-CNF.**Abbreviation:** CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers.

### Scanning Electron Microscopy (SEM) of Surfactin-Loaded CO-CNF {#S0003-S2002-S3003}

SEM images of 50 SNPs, 100 SNP, and 200 SNPs are shown in [Figure 7A](#F0007){ref-type="fig"}. Like CO-CNF, all particles were appeared as chain-like structure, in which the CO blocks were connected by CNF chains. It was noted that the CO blocks (oil phase) were surrounded by the surfactin (water phase). 50 SNPs, 100 SNPs, and 200 SNPs shown an almost similar structure. The nanoparticle's surface appears smooth, but different sizes were observed due to the agglomeration of the particle. Figure 7(**A**) Scanning electron microscopic (SEM) images of 50 SNPs, 100 SNPs, and 200 SNPs and (**B**) Fourier-transform infrared spectroscopy (FTIR) of (a) surfactin, (b) CO-CNF, (c) 50 SNPs, (d) 100 SNPs, and (e) 200 SNPs.**Abbreviations:** 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200 SNPs, 200 mg surfactin-loaded CO-CNF nanoparticles.

### Fourier-Transform Infrared Spectroscopy (FTIR) Analysis {#S0003-S2002-S3004}

[Figure 7B](#F0007){ref-type="fig"} shows the FTIR spectra of (a) Surfactin, (b) CO-CNF, (c) 50 SNPs, (d) 100 SNPs, and (e) 200 SNPs. Surfactin is a surfactant that is usually used as an antibiotic. The broad peak at 3312 cm^−1^ was the characteristic peak of N-H stretching mode and the peak at 2960 cm^−1^ and 2927 cm^−1^ was corresponding to the lipopeptide portion of the surfactin \[C-H (CH~3~ and CH~2~)\].[@CIT0073] A small peak at 2856 cm^−1^ and a deep peak at 1540 cm^−1^ was corresponding to the presence of aliphatic chain and deformation mode of the N-H bond combines with C-N stretching mode, respectively.[@CIT0074] The peak at 1643 cm^−1^ and 1374 cm^−1^ in CO-CNF represented absorption band and sulfate stretching, respectively. The glycosidic bond formation (1125 cm^−1^) in CO-CNF showed that the CO and CNF were linked by a glycosidic bond. The asymmetric stretch of O=S=O (1266 cm^−1^) and -O-SO~3~ (848 cm^−1^) from CO was also seen in CO-CNF. 50 SNPs, 100 SNPs, and 200 SNPs were the mixture of the above-said materials. It was noted that three of them contained a characteristic peak 3426 (50 SNPs), 3425 (100 SNPs), and 3429 cm^−1^ (200 SNPs) indicating the -OH stretching vibrations that came from CO-CNF. The common peak at 1660 cm^−1^ representing the CO-N bond from surfactin. The deformation mode of N-H bond came from surfactin was also seen in all three groups. The formation of a glycosidic bond was also observed in three groups.

### Cell Viability {#S0003-S2002-S3005}

The cell viability of nanoparticles was evaluated by MTT assay ([Figure 8](#F0008){ref-type="fig"}). It is a simple method to test the toxicity of the material by evaluating the metabolic activity of the cultured cell while treated with drugs.[@CIT0075] CO-CNF showed the highest percentage of cell viability as compared to other groups. It was understood that the cell viability was decreased with an increase in the concentration of surfactin. Up to 100 µg/mL, all groups showed more than 80% of cell viability. At a concentration of 200 µg/mL, the cell viability of 100 SNPs reduced suddenly and less than 50% of cell viability was observed in 200 SNPs at a concentration of 400 µg/mL. The sudden loss of cell viability in the presence of 100 SNPs at 200 µg/mL may be due to several factors such as MTT reagent, cell density, solvents, and physicochemical properties of nanoparticle.[@CIT0076]--[@CIT0078] Previous literature mentioned that the underestimated results of cytotoxicity were observed in MTT assay due to its non-specific intracellular reduction of tetrazolium.[@CIT0077] Physicochemical properties such as Size, particle surface charge, shape, and stability of nanoparticles also have an influence in cell viability.[@CIT0079] 50 SNPs group maintained 80% of cell viability up to a concentration of 400 µg/mL together with CO-CNF. It was clearly visible that the addition of surfactin reduced cell viability in a concentration-dependent manner. Figure 8Cell viability of CO-CNF, 50 SNPs, 100 SNPs, and 200 SNPs. Data are expressed as mean ± SD. (n=3). The asterisk (\*) indicated the significant differences of the groups from the control group (0 µg/mL) at p \< 0.05 analyzed by Tukey's test.**Abbreviations:** CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers; 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200 SNPs, 200 mg surfactin-loaded CO-CNF nanoparticles.

### DPPH Radical Scavenging Activity Analysis {#S0003-S2002-S3006}

DPPH is a widely used antioxidant assay based on reducing the ability of antioxidants towards DPPH radical.[@CIT0080] As shown in [Figure 9](#F0009){ref-type="fig"}, 200 SNPs showed higher radical scavenging activity as compared to others. Doxycycline also showed better activity but slightly lower than 200 SNPs. CO-CNF has lower reduction ability and surfactin and 100 SNPs showed almost the same results at a concentration of 50 µg/mL. The antioxidant activity of 50 SNPs was increased up to 12.5 µg/mL concentration but the rate was decreased for upcoming concentrations. CO-CNF also produced some antioxidant activity because of the presence of CO. The previous study reported that the κ- carrageenan oligosaccharides have antioxidant activity.[@CIT0081] Figure 92,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity. Data are expressed as mean ± SD. (n = 3).**Abbreviations:** CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers; 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200 SNPs, 200 mg surfactin-loaded CO-CNF nanoparticles.

### Agar Well Diffusion Method {#S0003-S2002-S3007}

In the agar well diffusion method, antimicrobials in the wells are diffused through the agar medium and inhibiting the growth of microorganisms.[@CIT0082] The inhibition zones will give an idea about the ability of that therapeutic. Two oral pathogens such as *S. mutans* and *P. gingivalis* were selected for evaluating the antimicrobial activity of samples. Agar plates of doxycycline were given in [[Figure S2](http://www.dovepress.com/get_supplementary_file.php?f=238476.docx)]{.ul}. [Figure 10](#F0010){ref-type="fig"} indicates that *S. mutans* were more sensitive to the samples. There was no zone of inhibition was observed for the CO-CNF group in both bacteria. In the case of both microorganisms, the zone was increased according to the increasing concentration of surfactin. The zone of inhibition of each group is given in [Table 4](#T0004){ref-type="table"}. In the case of *S. mutans* and *P. gingivalis*, 200 SNPs showed more inhibition zone than CO-CNF, 50 SNPs, and 100 SNPs. The antimicrobial activity of these particles was due to surfactin (12.33 ± 1.15 mm). 200 SNPs showed better activity next to the doxycycline and the activity of nanoparticle was slightly increased with an increase in the concentration of surfactin (*P. gingivalis*). The results indicated that 200 SNPs has better activity next to doxycycline, for both bacteria. Figure 10Antimicrobial activities of nanoparticles against (**A**) *S. mutans* and (**B**) *P. gingivalis*.**Abbreviations:** CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers; 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200 SNPs, 200 mg surfactin-loaded CO-CNF nanoparticles.Table 4Zone of Inhibition (ZI)MicroorganismsZone of Inhibition (mm)DoxycyclineSurfactinCO-CNF50 SNPs100 SNPs200 SNPs*S. mutans*26.00 ± 3.0012.33 ± 1.15N12.00 ± 2.0015.00 ± 2.0021.33 ± 0.57*P. gingivalis*23.33 ± 1.5211.33 ± 1.15N10.00 ± 1.0014.66 ± 1.1516.66 ± 1.15[^4]

### Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of Nanoparticles {#S0003-S2002-S3008}

The lowest concentration of an antimicrobial that will inhibit the visible growth of a microorganism after overnight incubation called MIC and the lowest concentration of an antimicrobial that will prevent the growth of an organism after subculture on to agar plate is called MBC. [Table 5](#T0005){ref-type="table"} shows the details of MIC and MBC of the nanoparticles that described on the basis of the percentage of drug concentration. The MIC and MBC of nanoparticle against two types of bacteria were greater than 50% of its concentration. The MIC of 50 SNPs was 100% concentration for two bacteria. MIC of 100 SNPs and 200 SNPs was 80% and 50%, respectively, for *S. mutans* but it was 90% and 70%, respectively, for *P. gingivalis*. The MBC of 50 SNPs was 120% for *P. gingivalis* and 100% for *S. mutans*. One hundred percent was also obtained for 100SNPs for two bacteria and 80% and 90%, respectively, for *S. mutans* and *P. gingivalis*. The MIC values of doxycycline for *S. mutans* and *P. gingivalis* were lower than 200 SNPs. But the MBC value of doxycycline and 200 SNPs was similar in the case of *P. gingivalis* and lower than 200 SNPs in *S. mutans*. The MBC value of all samples was almost around 100%. So, the actual concentration of each sample (20 mg/mL) was selected for further studies. Table 5Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of NanoparticlesMicroorganismsMIC (Expressed in %)MBC (Expressed in %)DoxycyclineCO-CNF50 SNPs100 SNPs200 SNPsDoxycyclineCO-CNF50 SNPs100 SNPs200 SNPs*S. mutans*20N100807050N10010090*P. gingivalis*40N100905070N12010070[^5]

### Visualization and Quantification of Biofilm by Crystal Violet Assay {#S0003-S2002-S3009}

Multicellular communities of bacteria are known to produce biofilm enclosed in a matrix composed of polysaccharides, proteins, and DNA.[@CIT0083] Crystal violet (CV) has the ability to bind to the polysaccharide matrix.[@CIT0084] The visualization of antibiofilm activities of nanoparticles was given in [[Figure S3](http://www.dovepress.com/get_supplementary_file.php?f=238476.docx)]{.ul} (supplementary data). For both bacteria, the control groups displayed more color intensity than other groups indicating the presence of more viable cells. It was observed that doxycycline and 200 SNPs were more active against biofilm formation and the color intensities were decreased with an increase in the concentration of surfactin. The quantification of crystal violet assay is given in [Figure 11](#F0011){ref-type="fig"}. In the case of *P. gingivalis*, 200 SNPs exhibited more biofilm inhibition than the other groups. Doxycycline also came next to the 200 SNPs with about 40% of biofilm inhibition after 24 h. There was no significant difference in the activity of doxycycline, 100 SNPs, and 200 SNPs. More than 50% of biofilm inhibition was given by doxycycline against *S. mutans* and the activity of nanoparticles in the order of 200 SNPs\>100 SNPs\>50 SNPs\>CO-CNF. It was clear that the nanoparticles have the ability to reduce bacteria growth, thereby preventing the biofilm formation. Figure 11Quantification of nanoparticles of biofilm inhibition of (**A**) *P. gingivalis* and (**B**) *S. mutans*. Data are expressed as mean ± SD. (n=3). The values with different letters (a--c) represent a significant difference (p \< 0.001) analyzed by Tukey's test.**Abbreviations:** CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers; 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200 SNPs, 200 mg surfactin-loaded CO-CNF nanoparticles.

### Evaluation of the Metabolic Activity of Bacteria After Treatment {#S0003-S2002-S3010}

The viability of bacterial cells after treated with nanoparticles and doxycycline is seen in [Figure 12](#F0012){ref-type="fig"}. In MTT assay, viable cells have the ability to convert MTT into purple-colored formazan with a maximum absorbance at 590 nm.[@CIT0085] The bacterial viability was reduced upon treatment with doxycycline and drug-loaded nanoparticles. Doxycycline reduced about 60% of *S. mutans* and 45% of *P. gingivalis* viability. It was observed that CO-CNF possessed more than 80% cell viability for both bacteria indicating that the carrier itself does not have any prominent antimicrobial activity. The viability of cells was decreased with an increase in the content of surfactin. Both doxycycline and 200 SNPs were reduced the *S. mutans* viability below to 50% after 24 h. *P. gingivalis* was more resistant to the nanoparticles and doxycycline. There was no significant difference in the activity between 200 SNPs and doxycycline. From [Figure 12](#F0012){ref-type="fig"}, it was noted that the nanoparticles can interfere with the metabolic activity of bacteria and subjecting them to cell death. Figure 12Effects of nanoparticles on the metabolic activity of (**A**) *S. mutans* and (**B**) *P. gingivalis*. Data are expressed as mean ± SD. (n=3). The values with different letters (a--c) represent significant differences (p \< 0.05) analyzed by Tukey's test.**Abbreviations:** CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers; 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200 SNPs, 200 mg surfactin-loaded CO-CNF nanoparticles.

### MDA Level in Bacteria After Treated with Nanoparticles {#S0003-S2002-S3011}

MDA is usually measured as a marker of lipid peroxidation and oxidative stress. It is a by-product of lipid peroxidation of polyunsaturated fatty acids caused by the reactive oxygen species.[@CIT0086] The MDA level of *S. mutans* and *P. gingivalis* is given in [Figure 13](#F0013){ref-type="fig"}. More MDA level was observed in 200 SNPs treated group in both bacteria. Doxycycline came next to 200 SNPs with about 12 and 33 nmol/mL MDA levels in *S. mutans* and *P. gingivalis*, respectively. There was no significant difference in the MDA level between CO-CNF and 50 SNPs (*S. mutans*). As compared to *S. mutans*, more MDA was produced in *P. gingivalis*. Additionally, 50 SNPs and 100 SNPs did not show any significant difference in the MDA level. The enhanced production of MDA indicating oxidative stress. Figure 13Effects of nanoparticles on the MDA level of (**A**) *S. mutans* and (**B**) *P. gingivalis*. Data are expressed as mean ± SD (n=3). The values with different letters (a--b) represent significantly different (p \< 0.05) as analyzed by Tukey's test.**Abbreviations:** CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers; 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200 SNPs, 200 mg surfactin-loaded CO-CNF nanoparticles.

### Acridine Orange (AO) Assay {#S0003-S2002-S3012}

AO is a cell-permeable dye that emits green fluorescence when bound to dsDNA (at 520 nm) and red fluorescence when bound to ssDNA or RNA (at 650 nm).[@CIT0087] The microscopic images of bacteria after drug treatment is given in [Figure 14](#F0014){ref-type="fig"}. In [Figure 14A](#F0014){ref-type="fig"} *(S. mutans*), the control group has fully green fluorescence indicating the presence of more viable cells and there was no prominent cell death. It was also similar to CO-CNF, in which only a few dead cells were observed. The number of dead cells was increased from 50 SNPs to 200 SNPs. In 50 SNPs, the viable cells were greater than the dead cells. 100 SNPs showed almost equal viable and dead cells. 200 SNPs have almost all dead cells but it was less than the doxycycline. [Figure 14B](#F0014){ref-type="fig"} shows AO assay of *P. gingivalis* after treatment with nanoparticles. Like [Figure 14A](#F0014){ref-type="fig"}, control and CO-CNF group have almost viable cells. Doxycycline and 200 SNPs showed more cell death than the others. In 50 SNPs and 100 SNPs, a smaller number of cells were dead after 24 h. From the AO assay, it was understood that *S. mutans* was more sensitive towards the proposed therapeutics and 200 SNPs were more effective than the others. Figure 14Acridine orange (AO) assay of (**A**) *S. mutans* and (**B**) *P. gingivalis* treated with different samples.**Abbreviations:** CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers; 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200 SNPs, 200 mg surfactin-loaded CO-CNF nanoparticles.

Discussion {#S0004}
==========

SCR, also known as Okara, is a by-product obtained after the processing of soy milk and tofu. Annually, about 14 million tons of SCR are produced in China.[@CIT0088] Usually, 1.1 to 1.2 kg of okara were obtained after the processing of 1 kg of soybeans.[@CIT0050] Literature showed that SCR is sometimes used as an animal feed and the remaining was directly sent to the land as waste material.[@CIT0089] Studies reported that it was considered as a typical agricultural waste material because of the difficulties faced during the reuse process. Apart from that, SCR is a highly available low-cost material suitable for the production of functional foods, value-added chemicals, biofuels, and biomaterials.[@CIT0010] SCR contains valuable components that have pharmacological importance, but their use is limited due to its highly fibrous structure. .[@CIT0090] The composition of SCR is varying according to the type of soybean, method of processing, and amount of water-soluble content extracted from the ground soybean.[@CIT0050] The chemical composition of SCR (wet) was found to have 84.50% moisture, 4.73% protein, 1.50% lipid, 7.00% sugars, 1.50% fiber, and 0.40% ash at pH 6.71.[@CIT0089] The dry matter of SCR contains 15.2--33.4 g/100g proteins, 3.8--5.3 g/100g carbohydrates, 42.4--58.1 g/100g dietary fibers, and 3.0--4.5 g/100g ash. About 40--60% of insoluble fibers such as cellulose and hemicellulose were found in SCR. The lipid content was about 8.3--10.9% (dry basis).[@CIT0050] Our study showed the high percentage (34%) of cellulose content in SCR ([Table 1](#T0001){ref-type="table"}), allowed the extraction CNF more effectively and the extraction yield of CNF from SCR was 6%.

Cellulose (C~6~H~10~O~5~)~n~ is a natural fiber present in various biological sources and has advantages such as excellent mechanical properties, low cost, high aspect ratio, biodegradability, and non-toxicity.[@CIT0011] It is a linear polymer composed of β-(1--4) linked d-glucose units. Cellulose has a wide application in paper manufacturing, textile industry, food industry, and pharmaceutical area.[@CIT0051] Cellulose types I (parallel packing of the hydrogen-bond network), II (antiparallel packing of the hydrogen-bond network), III (obtained from the ammonia treatment of cellulose I or II), and IV (modification of cellulose III by heating up to 260 °C in glycerol) are the key allomorphs of the cellulose.[@CIT0091] Nanocellulose-based materials are now extensively extracted for the manufacturing of hydrogel, aerogels, barrier coatings, and polymer reinforcement.[@CIT0092] Nanocellulose fiber has a diameter in the nano range and several micrometers in length. The extraction of nanocellulose from natural sources is mainly accompanied by acid hydrolysis, enzymatic hydrolysis, and mechanical process.[@CIT0091] The extraction of nanocellulose from numerous sources was reported including raw cotton linter, rice straw, rose stem, wheat straw, areca nut husks, and pineapple leaf fiber.[@CIT0011],[@CIT0017],[@CIT0051] Cellulose fibers contain highly ordered (crystalline) and disordered structure (amorphous). In our study, the CNF was extracted from SCR through a chemo-mechanical method which involves both acid and alkali treatment together with homogenization explained in [Figure 1A](#F0001){ref-type="fig"}. The lignin and hemicellulose were removed from the source due to the breakdown of ether linkage during alkali treatment.[@CIT0017] Acid treatment partially solubilizes the hemicellulose.[@CIT0010] The remaining lignin and hemicellulose were removed by the bleaching process with NaClO. Lignin reacts with NaClO and forms lignin chloride, which is easily dissolvable.[@CIT0017] Finally, the obtained residue was treated with H~2~SO~4~ which reduced the particle size, increases crystallinity, and improves tensile strength, and flexibility of the materials.[@CIT0051] After chemical treatments, the residue was subjected to dialysis followed by homogenization. The dialysis process neutralizes the sulfate ions and the homogenization process makes a uniform sized product.[@CIT0036]

The use of nanocellulose is limited due to its agglomeration, entanglement, aggregation, and poor dispersion.[@CIT0093] The CNF can be modified either by using physical interactions or by using chemical approaches. Because of the presence of hydroxyl groups, CNF is more available for surface modification.[@CIT0023] The chemical modification of the CNF is achieved by surface compatibilization or copolymerization. Grafting, radical reactions, or the use of organometallics are the usual ways to perform co-polymerization.[@CIT0094] Grafting of materials into nanocellulose is comprised of two processes called "grafting onto" attachment of pre-synthesized polymer chains) or "grafting from" (polymer brushes can be grown in situ from nanocellulose directly) approach.[@CIT0095] The present study focused on the modification of extracted CNF by grafting with CO in order to improve the dispersion, compatibility, stiffness, and porosity of the material. Carrageenan is an anionic polymer composed of alternating (1→3)-linked β-d-galactopyranose (Galp) and (1→4)-linked α-d-galactopyranose. ĸ-Carrageenan is a type of carrageenan contains a 3,6-anhydro-α-d-galactopyranose (AnGalp) in place of α-d-galactopyranose.[@CIT0025] They have good water solubility and a certain degree of sulfation.[@CIT0096] Literature showed that the carrageenan polysaccharides have anticoagulant, antithrombotic, anti-inflammatory, antiviral, and antitumor activities. It was also reported that the negatively charged sulfate groups play a crucial role in the bioactivity of the material.[@CIT0097] As shown in [Figure 1B](#F0001){ref-type="fig"}, the major functional group of CNF was --OH and CO was --OSO~3~, and -OH groups. They form a network structure through the formation of glycosidic bonds. Apart from this, the CO was formed as a bead-like structure because of the cross-linking between them in the presence of KCl. The grafting of CO into CNF improved softness, dispersion, and porosity and reduced agglomeration ([[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=238476.docx)]{.ul}). This network structure helps to trap more drugs because of the presence of active sulfate and hydroxyl groups. The aggregation of the ĸ-carrageenan helices is occurred due to the binding of monovalent cations from KCl to the helices.[@CIT0098]

DLS is a technique to measure the size of the nanoparticle by analyzing the hydrodynamic radius (*R*~H~) of particles in suspension.[@CIT0099] It uses the Brownian motion or illumination of a suspension of the particle by a laser beam.[@CIT0100] The main disadvantage of these techniques is that almost all the particles are considered as spherical particles. But, most of the studies used this technique, because it gives a rough analysis of the sample size and enables the comparison with other characterization techniques.[@CIT0011] CNF and CO-CNF are hydrophilic because of the presence of a large number of hydroxyl groups. Thus, it has a tendency to agglomerate and produce a large sphere. The difference in size as compared to TEM was due to this fact. In TEM, dried form of samples was analysed. Agglomeration and polydispersity of the nanoparticle can be solved by subjecting them into ultrasonication. The method of dispersion is an important parameter that affects the aggregation and surface properties of the particle.[@CIT0101] The average size of the obtained CNF and CO-CNF was 263.60 ± 12.7 nm and 330.66 ± 16.44 nm, respectively, after sonication. CNF has dimensions ranged from 20 to 50 nm for the width and 0.5 to 2 µm in length.[@CIT0102] The previous study reported that the size of CNF that obtained from sugarcane bagasse was between 1 and 0.1 µm and from pineapple leaf fibers was 420 nm.[@CIT0011],[@CIT0103]

Zeta potential is the measurement of the electrostatic potential at the electrical double layer surrounding a nanoparticle in solution.[@CIT0104] Zeta potential is less than −30 mV and greater than +30 mV will indicate more stability of nanocellulose.[@CIT0105] The zeta potential of the obtained CNF and CO-CNF was −46.13 ± 1.25 mV and −42.10 ± 0.70 mV, respectively ([Table 2](#T0002){ref-type="table"}). The more negative charge on the particle was due to the presence of sulfate group that was grafted after H~2~SO~4~ treatment. A higher negative value of zeta potential can resist aggregation and increase the degree of dispersion.[@CIT0105] The previous study reported that the zeta potential of the CNF obtained from cassava root bagasse and peelings was less than −47.7 mV.[@CIT0106] The PDI is the broadness of the size distribution of particles dispersed in liquids.[@CIT0107] The value of PDI is ranging from 0.1 to 1.0. The PDI value is greater than 0.7 indicating the broad size distribution of the particle.[@CIT0108] The PDI value of both CNF and CO-CNF was 0.4, indicating the narrow and favorable particle size distribution.

SEM provides an idea about the surface topology of the materials[@CIT0109] while the TEM allows the crystallographic and chemical characterization of materials with a high spatial resolution.[@CIT0110] The morphology of both CNF and CO-CNF was evaluated by TEM and SEM analyses. In TEM analysis ([Figure 2A](#F0002){ref-type="fig"}), CNF appeared as a long fiber with a short diameter indicating the high aspect ratio of the material. High aspect ratio determining the reinforcing capability of nanofibers.[@CIT0017] The average diameter of the CNF was on the nanometer (37 nm) range and it formed a mesh-like structure. These highly fibrous structures enable drug trapping. The morphology of CO-CNF seemed as a cross-linked network structure, in which CO was formed as bead and each bead was connected by CNF. The gelation mechanism of the CO involves the formation of an infinite three-dimensional network by the coil to helix conformational transition.[@CIT0111] From SEM analysis ([Figure 2B](#F0002){ref-type="fig"}), it was observed that the surface of the CNF was smooth and has a short diameter. CO-CNF appeared as a rectangular block that connected to the CNF. The aerogel of CNF has high porosity while CO-CNF aerogels look like several beads connected by each other.

The crystalline nature of the CNF and CO-CNF was studied by XRD ([Figure 3A](#F0003){ref-type="fig"}). The crystalline index of CNF and CO-CNF was about 70% and 85%, respectively. The crystalline nature (ordered structure) of the CNF increased after the addition of CO. This was due to the formation of inter and intramolecular H-bonding by the hydroxyl groups.[@CIT0017] It was noted that the addition of CO into CNF reduced the amorphous region and thereby the crystallinity increased. The previous study suggested that the high value of the crystallinity index representing the decomposition of disordered regions such as hemicellulose and lignin.[@CIT0112] TGA analysis indicated that CO-CNF has a higher degradation temperature than CNF ([Figure 3B](#F0003){ref-type="fig"}). The extraction of CNF from SCR was evaluated by FTIR spectra ([Figure 3C](#F0003){ref-type="fig"}). SCR is a complex mixture contains different components. From the FTIR analysis, it was understood that the peak that representing --OH and C-H stretching vibrations were found in all compounds. The characteristic peaks that indicating the hemicellulose (1161 cm^−1^) and lignin (1539 cm^−1^, 1246 cm^−1^) were absent in CNF, indicating the removal of both of them in the CNF.[@CIT0061]--[@CIT0064] The glycosidic bond formation (1125 cm^−1^) in CO-CNF showed that the CO and CNF were linked by a glycosidic bond.

The porous nature of the biomaterial increases the WHC. WHC enables to understand the loading capacity of the material.[@CIT0113] The water-holding capacity of CNF and CO-CNF was analyzed by conventional centrifugation method ([Figure 4A](#F0004){ref-type="fig"}). The centrifugation method depends on the acceleration, duration, and water concentration in the polymer.[@CIT0114] It was noted that the CO-CNF possessed more water-holding capacity at room temperature (23°C) and body temperature (37°C) than CNF. In the case of the wound healing process, increased water retention capacity of the material prevents the wound from dehydration.[@CIT0040] So, the results indicated that CO-CNF has more affinity to the water molecule and retained in its structure because of its porosity and higher surface area. The swelling ratio of both CNF and CO-CNF is demonstrated in [Figure 4B](#F0004){ref-type="fig"}. It was observed that both CNF and CO-CNF were absorbed a large amount of water initially (0 h) and the swelling ability was increased slightly with increased time. Initially, the CO-CNF absorbed more water than the CNF and the swelling ability of CO-CNF was started to reduce from 6 h because of the disintegration of the system. The polymers were slightly broken to form small systems. The CNF aerogel was maintained their swelling ability until 10 h but started to disintegrate between 10 and 12 h.

The cell viability of both CNF and CO-CNF is given in [Figure 5](#F0005){ref-type="fig"}. It was understood that a very low concentration of CNF and CO-CNF supported cell proliferation and does not cause any toxicity to the cells. A dramatic decrease in cell viability with increased concentration was observed in both samples. As compared to CNF, CO-CNF possesses a high percentage of cell viability up to 50 µg/mL. Later, the viability of cells was slightly reduced in CO-CNF.

Periodontitis is an inflammatory disease characterized by gingival inflammation, tooth loss, the formation of periodontal pockets, tooth mobility, and alveolar bone loss.[@CIT0115] It is the 6th most prevalent oral disease in the world.[@CIT0116] Plaque bacterial product causes direct or indirect damages to the tissues through bacterial induction of the host inflammatory and immune responses.[@CIT0003] Initially, bacteria are colonized to form dental plaque and induce inflammation. It was understood that the primary colonizers of dental plaques are streptococci and actinomyces and later they are replaced by gram-negative anaerobes. *P. gingivalis* is an anaerobic gram-negative oral bacterium that produces a number of virulent factors and extracellular proteases.[@CIT0117] The virulent factors include enzymes, haemagglutinins, gingipains, lipopolysaccharides, collagenase, aminopeptidase, and fimbriae, etc. It is known as the keystone pathogen of periodontitis and constitutes about 85.75% of plaque in chronic periodontitis.[@CIT0118] *P. gingivalis* get energy from amino acids and peptides that produced as the result of protein degradation.[@CIT0119] *S. mutans* is a facultatively anaerobic, gram-positive, dental caries pathogen that causes the dissolution of the enamel in acidic conditions. The previous study reported the increased colonization of *S.mutans* in chronic periodontitis conditions.[@CIT0120] *S.mutans* adhered to the surface by water-insoluble glucan and act as binding sites for the latecomer bacteria that originally do not have the ability to attach.[@CIT0121] The main virulent traits of *S.mutans* include acid tolerance, organic acid production, and biofilm formation.[@CIT0122]

In this study, CO-CNF was acting as a carrier system that encapsulated with an antimicrobial called surfactin. Surfactin is a lipopeptide biomolecule has low toxicity, biodegradability, and can thrive in extreme conditions such as high temperature, pH, etc.[@CIT0030] The previous study reported the antimicrobial activity of surfactin-based nanoemulsions against *Salmonella typhi, Listeria monocytogenes*, and *Staphylococcus aureus*.[@CIT0123] The addition of surfactin into CO-CNF was done by the emulsion method. The obtained particles have a nanometer size and are stable and uniformly distributed ([Table 3](#T0003){ref-type="table"}). This small size provides controlled and sustained drug release by maintaining long circulation time, less opsonization, and lower detection by macrophages.[@CIT0124] Controlled drug release of surfactin from CO-CNF is observed in [Figure 6](#F0006){ref-type="fig"}. The sustained/controlled release of drug was depending on swelling, diffusion, and erosion. Cellulose-based material can interact strongly with water and facilitate the diffusion process. CNF controls the release by forming tight network structure.[@CIT0125] Along with this, the properties such as high negative charge and high aspect ratio also make them favorable for sustained drug release.[@CIT0125] In addition to this, κ- carrageenan promoted the prolonged drug for many hours/or days. It was noted that the higher water-holding capacity of the material increases drug dissolution and thus increases the oral bioavailability.[@CIT0024] SEM images ([Figure 7A](#F0007){ref-type="fig"}) revealed that the surface of the particles was appeared smooth and were connected by CNF chains. The incorporation of surfactin was confirmed by FTIR analysis ([Figure 7B](#F0007){ref-type="fig"}). All the material showed more than 80% viability up to 100 µg/mL concentration indicated that they are less toxic to the cells ([Figure 8](#F0008){ref-type="fig"}).

Oxidative stress induced by ROS can promote cell membrane disintegration, membrane protein damage, and DNA mutations. Antioxidants have the capacity to inhibit the oxidation process and protect the cells from oxidative stress. DPPH (deep violet color) is a stable compound that becomes pale yellow when reduced upon reaction with hydrogen donors.[@CIT0126] The antioxidant activities of each compound are described in [Figure 9](#F0009){ref-type="fig"}. 200 SNPs possessed strong antioxidant activity and doxycycline came to the second position.

A variety of laboratory techniques are used to screening a newly developed antimicrobial therapeutic. Among them, the most common one is the agar well (ditch) plate method. In this method, the antimicrobial agents are poured into a well that made in agar plate inoculated with targeted bacteria. The antimicrobial agents are diffusing through the agar plate and inhibit microbial growth. The efficacy of the antimicrobial agents was evaluated by measuring the zone of inhibition.[@CIT0082] The antimicrobial activity of 50 SNPs, 100 SNPs, and 200 SNPs was tested against two oral pathogens such as *S. mutans* and *P. gingivalis*. Doxycycline was taken as a positive control. All the material has the ability to inhibit the above said two pathogens except CO-CNF ([Figure 10](#F0010){ref-type="fig"}). So, it was understood that CO-CNF only acts as a carrier for the successive release of the drugs and the antimicrobial activity of 50 SNPs, 100 SNPs, and 200 SNPs were coming from the effect of surfactin. 200 SNPs produced a higher zone of inhibition for *S. mutans* and *P. gingivalis* next to doxycycline ([Table 4](#T0004){ref-type="table"}). The mechanism of biosurfactant to kill the microorganism by directly disrupting the integrity of the plasma membrane or cell wall.[@CIT0127] The MIC and MBC of each sample given in [Table 5](#T0005){ref-type="table"} indicated that approximately more than 50% of antimicrobial agents were required for getting positive results. The antimicrobial activity of nanoparticles was further evaluated by performing crystal violet assay, metabolic assay, MDA assay, and AO assay.

Biofilms are the association of microbial communities on a surface and are responsible for about 70% to 80% of diseases in the mouth. Crystal violet assay is a staining method that helps to visualize and quantify the bacteria. It is permeable in both gram-positive and negative cells.[@CIT0128] Quantification of biofilm inhibition is given in [Figure 11](#F0011){ref-type="fig"}. 200 SNPs  were more beneficial against two bacteria as compared to others. The activity of antimicrobial agents is depending upon the type of species. The inhibition of biofilm activity was increased with an increase in surfactin concentration. Surfactin modifies the bacterial surface hydrophobicity and affects the development of flagella.[@CIT0129] The metabolic activity of bacteria was also evaluated ([Figure 12](#F0012){ref-type="fig"}). The metabolic activity was decreased after the addition of surfactin. The generation of ROS is an effective therapeutic method to produce an antimicrobial activity by interacting with the thiol groups in proteins, DNA, and cell membranes.[@CIT0130] The overproduction of ROS creates oxidative stress. MDA is known as the important marker for lipid peroxidation because the reaction between ROS and lipids produce MDA as a by-product. Increased MDA levels in both *S. mutans* and *P. gingivalis* indicated that the nanoparticle produced antimicrobial activity by promoting lipid peroxidation and oxidative stress ([Figure 13](#F0013){ref-type="fig"}). The potential activity of antimicrobial agents against bacteria was confirmed AO assay ([Figure 14](#F0014){ref-type="fig"}). It was understood that bacteria were more sensitive to 200 SNPs.

The present study investigated the extraction and modification of CNF and used it as a potential drug delivery system for periodontal pathogens by incorporating surfactin. The results were shown the successful extraction of CNF and the modification increased its hydrophilicity and temperature tolerance. Antimicrobial studies revealed that the inhibition of *S. mutans* and *P. gingivalis* growth was done by inducing oxidative stress and reducing biofilm formation. The drug delivery mechanism of CO-CNF was depending upon its hydrophilicity, charge, and bioavailability. It is proposed that CO-CNF has a major role in the controlled release of surfactin and has been used as a potential drug carrier for biomedical applications.

Conclusion {#S0005}
==========

Periodontitis is an inflammatory disease associated with microbial accumulation. The current study focused on the antimicrobial activity of surfactin-loaded CO-CNF against periodontal pathogens in addition to extraction and modification of CNF. Isolation of CNF from soybean curd residue was confirmed by x-ray diffraction, Fourier-transform infrared spectroscopy, and transmission electron microscopy analysis. Modification of CNF with CO improved the degradation temperature, hydrophilicity, crystallinity, and biocompatibility of the CNF. A sustained drug release of surfactin was also observed from CO-CNF. These results confirmed the use of CO-CNF as a drug carrier. Surfactin-loaded CO-CNF has antioxidant activity and it inhibited the growth of periodontal pathogens such as *S. mutans* and *P. gingivalis* by preventing biofilm formation, reducing the metabolic activity, and promoting oxidative stress in a concentration-dependent manner. Overall, the current study has led to the successful extraction of nanocellulose, its modification, and the antimicrobial activity of surfactin-loaded CO-CNF. As suggested by the results, the obtained material has a great potential in the application of periodontitis treatment.
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[^1]: **Note:** Data are expressed as mean ± SD. (n=3).

[^2]: **Note:** Data are expressed as mean ± SD. (n=3).

    **Abbreviations:** PDI, polydispersity index; CNF, cellulose nanofibers; CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers.

[^3]: **Note:** Data are expressed as mean ± SD. (n=3).

    **Abbreviations:** PDI, polydispersity index; CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers; 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200 SNPs, 200 mg surfactin-loaded CO-CNF nanoparticles.

[^4]: **Notes:** Data are expressed as mean ± SD. (n = 3).

    **Abbreviations:** CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers; 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200 SNPs, 200 mg surfactin-loaded CO-CNF nanoparticles.

[^5]: **Note:** Data are expressed on the basis of the percentage of each drug concentration.

    **Abbreviations:** MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; CO-CNF, ĸ-carrageenan oligosaccharides linked cellulose nanofibers; 50 SNPs, 50 mg surfactin-loaded CO-CNF nanoparticles; 100 SNPs, 100 mg surfactin-loaded CO-CNF nanoparticles; 200S NPs, 200 mg surfactin-loaded CO-CNF nanoparticles.
